Dynamical assimilation of surface elevation from tide gauges is investigated to estimate the bottom drag coefficient and surface stress as a first step in improving modeled tidal and wind-driven circulation in the Chesapeake Bay. A two-dimensional shallow water model and an adjoint variational method with a limited memory quasi-Newton optimization algorithm are used to achieve this goal. Assimilation of tide gauge observations from 10 permanent stations in the Bay and use of a two-dimensional model adequately estimate the bottom drag coefficient, wind stress, and surface elevation at the Bay mouth. Subsequent use of these estimates in the circulation model considerably improves the modeled surface elevation in the entire Bay. Assimilation of predicted tidal elevations yields a drag coefficient, defined in the hydraulic way, varying between 2.5 x 10 -4 and 3.1 x 10 -3.
Introduction
Estuarine circulation, due to the combined effects of tide action, horizontal salinity gradients, river runoff, and meteorological forcing (wind stress, inverted barometer effect), has been intensively studied in the Chesapeake Bay and its tributaries and is still an ongoing source of research activity. Diverse investigations from field observations, e.g., temperature, salinity, current, and surface elevation, and from simple models were first carried out in order to explain the gravitational and tidal circulation [Officer, 1976; Fisher, 1986] . It is only during the last two decades that wind-driven circulation has been shown to be as important as the gravitational circulation, indeed the dominant nontidal circulation at times [Wang and Elliott, 1978; Wang, 1979a 0148-0227 / 98 / 98J C-00797 $ 09.00 ocean and estuary (nonlocal forcing). The present study focuses on the barotropic circulation in the Chesapeake Bay, forced by oceanic tides and surface winds.
While the wind, bottom friction, and exchange between the Chesapeake Bay and the open ocean have been recognized as the main forcings for the Bay circulation, the main difficulty in tidal and wind-driven circulation modeling arises from the determination of theses forcings. Indeed, bottom friction is hard to measure. Wright [1989] and Wright et al. [1987, 1992] found that large spatial and temporal variations in the bottom roughness result in large variations in the bed shear stress and the hydraulic roughness. There is also a strong indication that the biogenic roughness dominates the flow-induced roughness in the Bay stem. In barotropic models, the bottom stress is usually parameterized as a quadratic function of the vertically integrated velocity, and an empirical parameter, the bottom drag coefficient, is often determined by fitting the modeled M2 tidal elevation and the observations at tide gauge stations [Crean et al., 1988] . In baroclinic models, the bottom stress is often computed by using closure schemes such as in work by Mellor and Yarnada [1974] , which also require defining empirical parameters.
Surface stress determination is another challenge for modelers. The stress is usually parameterized as a quadratic function of the wind speed at 10 m above sea level. However, wind observations are mainly available at the major airports on the west side of the Chesapeake Bay, and conversion of wind on land to wind over water is not an easy task. S. Chao (personal communication, 1996) showed that in order to reproduce the event found in the Chesapeake Bay in April 1986 the longitudinal wind used in the Bay has to be increased compared to the wind measured at Norfolk airport. This increase of wind over water compared to that measured over land has also been pointed out by Wong and Gatvine [1984] and Goodrich [1985] . To explain the sea level in the Delaware Bay, Wong and Gatvine [1984] had to increase the shore-based wind stress fourfold. Goodrich [1985] found that while the longitudinal winds attenuate rapidly toward the shores of the Chesapeake Bay, the lateral winds do not, and that overwater/overland regression slopes for north and east components of the wind are 2.5 and 1.43, respectively. Tuning wind stress and bottom stress in order to fit the tide gauge observation could quickly become a very tedious task. First, the fitting of the modeled onto the observed M2 tide does not guarantee an adequate fitting on the K1 and other components of the tidal signal. The goal of this study is to use the variational adjoint method to determine a temporally and spatially varying bottom drag coefficient, wind stress, and open boundary condition at the Chesapeake Bay mouth. Two experiments are considered which achieve this goal. In the first experiment, referred to as the tidal circulation experiment, tidal forcing at the Bay mouth is specified, and the tidal elevation from the major harmonic constituents computed at 10 permanent tide gauge stations is assimilated to estimate the bottom drag coefficient. Using data assimilation for a complete spring-neap tide cycle, it was found that the bottom drag coefficient is larger during neap than during spring tide. The second experiment, referred to as the wind-driven circulation experiment, considers a combined wind and tide problem in which the bottom drag coefficient, wind stress and boundary condition at the Bay mouth are estimated using the actual observations at the ten permanent tide gauge stations. The variation of the bottom drag coefficient during the phase of the tide is largely reduced when the wind reaches speeds > 5 m s -1. While the Lardnet et al. [1993] study is probably most closely related to our study, several differences are evident.
Lardnet et al. [1993] do not allow a temporal variation of the drag coefficient, the surface forcing was not estimated, and the observations were taken from tide gauges at least 30 km offshore. Taking the data from gauges closer to the shore is indeed far more challenging since the extreme proximity of the coast can yield noisier observations and the model coastline approximations can introduce errors in the modeled elevation.
The description of the assimilation technique, the data, the circulation model, and the definition of the cost function are given in section 2. Section 3 presents the results of the tidal and wind-driven circulation experiment. A discussion of the results is presented in section 4. A summary of the study and conclusions are found in section 5.
Methodology
During the past decade, the variational adjoint method has been used largely in meteorology and oceanography to estimate initial and boundary conditions [ [Lawson et al., 1995 [Lawson et al., , 1996 Spitz et al., 1998 ]. Two advantages of this technique are that it can be applied to both linear and nonlinear models and that it can be implemented in a straightforward manner. Since the technique has been largely discussed in the literature, we will limit ourselves to a brief overview.
The variational adjoint method determines an optimal solution by minimizing an objective function, the cost function, which measures the misfit between model equivalent to the data and the available observations. Most minimization algorithms are based on iterative descent, large-scale unconstrained, local minimization methods which require the computation of the gradient of the cost function with respect to the control variables, e.g., model parameters being estimated. The computation of the gradient is achieved by using the adjoint model equations which are forced by the model- While the adjoint method is a powerful tool for obtaining the gradient of the cost function with respect to the control variables, the most difficult aspect of this technique is the development of the adjoint model code. Two approaches can be taken. The first one consists of deriving the continuous adjoint equations followed by their discretization [ Thacker and Long, 1988 [Lawson et al., 1995 [Lawson et al., , 1996 Spitz et al., 1998 ]. The second approach has two main advantages: it provides a straightforward way of writing code and it avoids the inconsistency that can occur from the discretization of the adjoint continuous equations. The tangent linear method was adopted in this study, and a full description can be found in work by Spitz [1995] .
Any [Fisher, 1986] by the National Ocean Survey (NOS) to update tide and tidal current predictions and to provide tidal datum for shoreline boundary determination. The harmonic constants of the major tidal constituents obtained from those time series [Fisher, 1986] 
where h is the undisturbed water depth, C (m 1/2 s -1) is the Chezy coefficient, and n is the Manning's roughness [Officer, 1976] . Typical values for a and n are 1/6 and In that case, the gradient of the depth mean current in the direction perpendicular to the boundary is set equal to zero along the boundary grid line and along the grid line that is half a grid interval inside the domain.
Along the solid boundaries which coincide with a grid line containing velocity unknowns, the component of the total transport in the direction perpendicular (5) to the boundary is set equal to zero. The additional condition (Off/On = 0) is applied along the grid line that is half a grid interval inside when the water flows away from the solid boundary.
Cost Function
The first task in variational data assimilation is to define a cost function suitable for the study under consideration. In a general sense, the cost function takes the form The first term of (9) 
Tidal Circulation
The success of recovery of control parameters in the identical twin experiments [Spitz, 1995] , when the observations are generated by the circulation model, leads us to assimilate real observations from the Chesapeake Bay, and as a first experiment, tidal circulation is investigated. The assimilated data set consists of an hourly time series of sea surface elevation for a period extending from November I to 19, 1983, when the most comprehensive set of simultaneous observations is available [Fisher, 1986] . The hourly elevation data, referred to as The recovered drag coefficient, seen in Figure 17 , shows a minimum on November 5, which corresponds to the period of spring tide. This is followed by an increase until November 6, when there is a frontal passage. The drag coefficient then decreases and reaches roughly the same value regardless of the depth of the considered region in the Chesapeake Bay. While a continuous increase of the drag coefficient was expected until neap tide, northwesterly and northeasterly winds seem to decrease the magnitude of the drag coefficient compared to its value with no wind or southeasterly wind.
The estimated boundary elevation at the Chesapeake Bay mouth displays the expected behavior. The hightide elevation is higher and the low-tide is lower on the northern end of the Bay mouth than at the southern end. This difference in elevation decreased when the wind changed direction and blew from the northwest and the northeast. The elevation at the northern end of the Bay mouth is slightly higher than the expected value. This can be due to the fact that the boundary region in our model is about half the width of the real boundary, which would take into account the widening of the Bay at its southern end.
As additional evidence of the improvement of the modeled wind-driven circulation by using data assimilation, the recovery experiment (not shown) has been 
Temporal Variation of the Bottom Drag

Coefficient
In the present study, the bottom drag coefficient was defined in terms of a Chezy coefficient (i.e., it depends on the total depth) and a roughness coefficient (7). A systematic adjustment of the drag coefficient was first done by assimilation of predicted tidal elevations and estimation of the two free parameters, i.e., the exponent of the total depth and the inverse of the roughness, when the tidal forcing was imposed at the Chesapeake Bay mouth. In the tidal experiment, by assimilating the predicted tidal elevation on 24 hours for 19 consecutive days, temporal variation of the drag coefficient for a spring-neap tide cycle was allowed. From the tidal elevation assimilation experiment, it is found that the bottom drag coefficient displays a periodicity corresponding to the fortnightly modulation. The drag coefficient varies between 2.5 x 10 -4 and 3.1 x 10 -3 with a minimum value at spring tide and a maximum at neap In the tidal circulation experiment, the tidal forcing at the entrance of the Chesapeake Bay was imposed based upon the harmonic constituents used to generate the data set and for which phase and amplitudes were computed from five tide gauge stations harmonic constants. After verifying that a perturbation in the tidal forcing did not affect the recovery of the drag coefficient parameters (not shown), we were able to refute the hypothesis that the temporal variation of the drag coef- Figure 12) ; they are opposite in the wind-driven experiment (Figure 17) . Indeed, the stratification effect is not included in the tidal prediction (tidal experiment) but is included in the real observations (wind-driven experiment He showed that a term proportional to the wind stress had to be subtracted from the bottom stress in order to match modeled and observed elevation when the drag coefficient was taken equal to its value without wind. For a northeasterly wind, this corresponds to an increase of the bottom stress, which can also be achieved by a decrease of the bottom drag coefficient.
4.2.
Bay Atmospheric Forces in the Chesapeake
The second important feature noticed during the wind-driven circulation experiment is the relative importance of the driving forces in the Chesapeake Bay. While the modeled surface elevation is in excellent agreement with the observed elevations in the main stem, the estimated wind speed and direction in the upper Bay are not in as good agreement with the observations as in the lower Bay. Thomas Point buoy, which is situated at the narrowest portion of the Bay (Figure 2) , was used to compare the modeled results with the observations in the upper Bay, and CBBT tide gauge station was used in the lower Bay. Near Thomas Point, the main stem changes its orientation from northwest-southeast to northeast-southwest and becomes shallower. During periods of weak wind, the topographic and narrowing effect should be dominant. The model grid spacing, roughly 2 km, is probably too large to correctly resolve the influence of the narrowing of the Bay. Instead, the correction is done to the wind stress in order to minimize the data misfit at Annapolis, which is the closest tide gauge station. When the wind becomes stronger, as in the case during a frontal passage, the surface elevation response to the wind is larger and the wind signal in the observations is also stronger. In those conditions, estimated and observed wind speed and direction are in excellent agreement. Further investigation with a finer grid than 2 km is needed to fully investigate the circulation in that area.
A second effect that is neglected and could be a cause for the disagreement between estimated and observed wind is the inverted barometer effect, which induces an increase of the surface elevation for a low-pressure system and a decrease of the surface elevation for a high-pressure system. For example, Paraso and ValleLevinson [1996] showed that for February 10-11, 1992, the barometric pressure rise contributed 57% to the sea level change at CBBT and, in general, the effects of the atmospheric pressure on sea level are not negligible.
Vieria [1986] found that the 2-2.5-day sea level oscillations in mid-Bay could not be identified with a seiche in the Bay but could be due to the atmospheric pressure. During the period corresponding to our study, changes in the barometric pressure are also important. From November I to 3, 1990, the atmospheric pressure was fect. The barometric pressure is routinely measured at the major airports, at Thomas Point buoy, and at the CBBT station, which could be used to estimate the pressure field over the Bay. Second, the wind field was taken constant during the assimilation period. However, during frontal passages, the wind speed and direction change quite rapidly, as well as the surface elevation in response to it. An estimate of the wind stress every 3 hours would better represent the temporal changes of the wind field and therefore the wind effect on. the circulation in the Bay. These two improvements were beyond the scope of this present study.
Summary and Conclusions
The feasibility of dynamical assimilation of tide gauge observations was investigated to estimate the bottom drag coefficient, the surface stress, and the sea level at the Chesapeake Bay mouth, as a first step in improving the modeling of tidal and wind-driven circulation in the Bay. The circulation model used in the study was a two-dimensional vertically integrated shal- Although the model is simple and does not include stratification, river runoff, or inverted barometer effect, the estimate of bottom friction and of surface stress by assimilating tide gauge observations from 10 permanent stations yields good agreement between modeled and observed surface elevation in the Chesapeake Bay. It is also found that a one-layer model is adequate to model the sea level and the response to the bottom friction and the wind stress in fall. Whether this is true in spring and summer when the stratification is strong requires further investigations.
The assimilation experiments considered in the present study give some insight into the physics of the Chesapeake Bay as well as into empirical quantities such as the bottom drag coefficient. It is found that the drag coefficient displays a fortnightly modulation. Its value for depth < 10 m doubles from spring to neap tide while the variation is much reduced in deeper regions. This fortnightly modulation is altered by the strength of the wind, which, during a frontal passage, yields a drag coefficient value roughly independent of the depth of the water column. It is also found that the response to meteorological forcing is different in the lower and upper Bay. While the estimated wind field in the lower Bay was in excellent agreement with the wind measured at the Chesapeake Bay Bridge Tunnel, the agreement in the upper Bay was not as good. The disagreement between the estimated wind field in the upper Bay and that measured at Thomas Point would indicate that the response of the sea level to the barometric pressure could be at times as important as the response to the wind forcing in the upper Bay.
